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Porous hydroxyapatite (HA) scaffolds have been intensively studied and developed for bone 
tissue engineering, but their mechanical properties remain to be improved. This study was to 
prepare HA-based composite scaffolds that had a unique macroporous structure and special struts 
of a polymer/ ceramic interpenetrating composite and a bioactive coating. A novel combination 
of a polyurethane (PU) foam method and a hydrogen peroxide (H2O2) foaming method was used 
to fabricate the macroporous HA scaffolds. Micropores were present in the resulting porous HA 
ceramics after the unusual sintering of a common calcium phosphate cement and were infiltrated 
with the poly(D,L-lactic-co-glycolic acid) (PLGA) polymer. The internal surfaces of the 
macropores were further coated with a PLGA-bioactive glass composite coating. The porous 
composite scaffolds were characterized in terms of microstructure, mechanical properties and 
bioactivity. It was found that the HA scaffolds fabricated by the combined method showed high 
porosities of 61%-65% and proper macropore sizes of 200-600μm. The PLGA infiltration 
improved the compressive strengths of the scaffolds from 1.5-1.8MPa to 4.0-5.8MPa. 
Furthermore, the bioactive glass-PLGA coating rendered a good bioactivity to the composites, 
evidenced by the formation of an apatite layer on the sample surfaces immersed in the simulated 
body fluid (SBF) for 5 days. The porous HA-based composites obtained from this study had 
suitable porous structures, proper mechanical properties, and a high bioactivity, and thus could 
find potential application as scaffolds for bone tissue engineering. 
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Calcium phosphates including hydroxyapatite (HA), tricalcium phosphate (TCP), calcium 
phosphate cements (CPCs) have played important roles in the construction of scaffolds for bone 
tissue engineering, due to their excellent biocompatibility, osteoconductivity, and various degrees 
of biodegradation. The osteocondutivity has something to do with the porosity and the pore size 
of a scaffold material. Depending on the degree of biodegradation, the minimum pore size for 
osteoconduction should be 200 μm [1], 100-400 μm [2], and even as low as 40 μm [3]. However, 
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great efforts should be made to improve the mechanical properties such as the compressive 
strength without the loss of other desirable biological properties.  
 
Several methods have been developed for the preparation of porous ceramic scaffolds. For 
example, several researchers [4-6] used polyurethane (PU) foams as templates to produce porous 
hydroxyapatite ceramics; this PU foam method involved dip coating of an HA slurry onto the 
network of the PU foam, followed by firing to remove the PU foam and sinter the remaining 
porous ceramic structure. Sepulveda et al. [7] produced porous HA using a gel-casting method, in 
which the pores were formed by air bubbles via agitation, followed by in situ polymerization of 
the slurry containing a monomer and an initiator. Almirall et al. [8] used a foaming method to 
produce porous hydroxyapatite scaffolds by foaming an alpha TCP paste using hydrogen 
peroxide (H2O2) and by converting the alpha TCP into calcium deficient hydroxyapatite via 
hydrolysis.  
 
The PU foam method results in pen cell porous ceramic structures with a controllable pore size 
and a high porosity, but generally a poor mechanical strength. On the other hand, the foaming 
method usually generates porous structures with poorly interconnected pores and a non-uniform 
pore size distribution, in spite of a relatively high mechanical strength. Individually developed 
methods can be combined to obtain better porous structures and/ or mechanical properties. For 
example, Li et al. [9] combined a foaming method involving citric acid and ammonium 
bicarbonate as foaming agents and a dual-phase (HA slurry plus polymethylmethacrylate 
(PMMA) resin) mixing method to prepare macroporous hydroxyapatite (HA), resulting in 
increased porosity and pore interconnectivity. However, there has been no published study on the 
production of porous hydroxyapatite using a combined method of both the H2O2 foaming and the 
PU foam method. 
 
The porous structural parameters (porosity, pore size, etc.) and the mechanical properties of 
porous scaffolds also depend on the compositional design of the scaffolds. To avoid the 
brittleness of porous ceramics, many porous biodegradable polymer / bioactive (or 
biodegradable) ceramic composite systems have been developed. For example, Marra et al. [10] 
produced a porous polymer/ ceramic composite with the matrix being the blend of biodegradable 
polymers, i.e., poly(caprolactone) and poly(D,L-lactic-co-glycolic acid) and the dispersed phase 
being hydroxyapatite. Lu et al. [11] also developed a three dimensional (3-D), porous composite 
of polylactide-co-glycolide (PLGA) and 45S5 bioactive glass for bone tissue engineering.  
 
It should be mentioned that the above porous polymer/ ceramic composites were polymer matrix-
based composites with dispersed ceramic phases. For these composites, the amount of the 
ceramic phase was often limited by the processing method used. The bioactivity of a dispersed 
composite may be restricted due to the isolation of the ceramic particles by the polymer matrix. 
The compressive strengths and the compressive moduli are also very low. In order to overcome 
these shortcomings of the randomly dispersed porous composites, one may need to develop 
porous interpenetrating ceramic/ polymer composites. For example, Li et al. [12] produced 
macroporous HA ceramics with struts of interconnected nanopores. Then a polymer phase, 
PolyactiveTM, was incorporated into the struts by vacuum impregnation. As a result, the 
mechanical properties of the porous composite with the interpenetrating organic/ inorganic 
phases were found to improve significantly. Other studies [13-15] on the dense form of 
interpenetrating polymer/ ceramic composites also showed enhanced mechanical properties as 
compared to those of the porous individual networks. 
 
Another way of using the advantages and minimizing the problems of porous bioactive/ 
biodegradable ceramic scaffolds could be the use of a polymer coating. Tencer et al. [16] found 
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that microcoating the internal surfaces of porous hydroxyapatite with dilactic-polyactic acid (DL-
PLA) improved significantly its compressive properties. However, the biodegradable polymer is 
not bioactive, which would affect the bone bonding at least in the early stage after implantation, 
i.e. before the biodegradation of the polymer. To provide the required bioactivity for bone 
bonding, Kim et al. [17] coated hydroxyapatite (HA) porous scaffolds (but with dense struts) 
having an HA-polycaprolactone (PCL) composite coating. Since bioactive glasses are normally 
more bioactive or have faster rates of apatite formation than hydroxyapatite, bioactive glasses 
should be better than hydroxyapatite for the bioactive composite coatings.  
 
In the present study, macroporous hydroxyapatite ceramics were prepared by using tetracalcium 
phosphate (Ca4(PO4)2O; TTCP)  and dicalcium phosphate anhydrous (CaHPO4; DCPA) powders 
as starting materials, which were subjected to a setting reaction and a step of high temperature 
sintering, resulting in a unique microporous structure in the struts. The open macropores in the 
porous HA ceramics were prepared by a novel combination of the PU foam method and the H2O2 
foaming method, resulting in a unique and homogeneous macroporous structure. To our 
knowledge, the microporous structure of the hydroxyapatite phase obtained by sintering the set 
CPC and the combined method for producing the macroporous hydroxyapatite are novel. After 
infiltrating the open micropores with the poly(D,L-lactic-co-glycolic acid) (PLGA) biodegradable 
polymer, the internal surfaces of the macropores were further coated with a PLGA-bioactive glass 
coating, resulting in strong and tough struts with an interpenetrated composite and a bioactive 
composite coating.  
 
2. EXPERIMEMTAL PROCEDURE 
 
2.1.  Sample preparation 
 
2.1.1.  Preparation of TTCP powder 
Pyro-calcium phosphate (Ca2P2O7) powder was mixed with calcium carbonate (CaCO3) powder 
in the weight ratio of 1.27: 1 using a high shear mixer. For the mixing step, the starting powders 
were poured into an ethanol solution to produce a viscous paste. Then the mixed powder was 
dried in an oven and crushed using a mortar and a pestle, followed by calcination in a platinum 
crucible at 1350°C for 5 hours in air and quenching in air to 25°C. Finally the calcined powder 
(TTCP phase) was ground into fine powder using a planetary mill in a dry condition. The 
chemical reaction for the TTCP powder was as follows: 
Ca2P2O7 + 2CaCO3            Æ      Ca4(PO4)2O (TTCP) + 2CO2                                                          (1) 
 
2.1.2.  Preparation of TTCP-DCPA mixed powder 
The weight ratio of tetracalcium phosphate (Ca4(PO4)2O; TTCP)  powder to dicalcium phosphate 
anhydrous (CaHPO4; DCPA) powder was 72.9: 27.1. These powders were mixed in a dry 
condition in a jar placed in a planetary mill. The mixed powder was used to prepare calcium 
phosphate cement (i.e. set CPC; or HA) by the following setting reaction, which was catalyzed by 
a Na2HPO4 solution: 
2Ca4(PO4)2 (TTCP)  +  2CaHPO4 (DCPA)     Æ         Ca10(PO4)6(OH)2  (HA)                      (2)     
 
2.1.3.  Preparation of porous CPC using the H2O2 foaming agent 
The mixed powder (TTCP + DCPA) was further mixed with the liquid phase in the ratio of 2.6 g 
powder: 1.0 g liquid. The liquid phase used was an aqueous solution of 1.0 M Na2HPO4 and 20 
vol% H2O2 mixed in 1:1 volume ratio. After mixing, a concentrated but still flowable paste was 
formed and cast in a plastic (e.g. Teflon) mold. Then the mold was placed in an oven kept at 80oC 
for 1 hour. Care should be taken to maximize the foaming process (i.e. the decomposition of 
H2O2 into H2O and O2 to form bubbles) and minimize the evaporation of the water in the 
solution. The setting reaction of the mixed powder was slow enough for the completion of the 
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foaming process. The foamed samples were then exposed to air with a high humidity for a period 
of time before drying and final firing. 
 
2.1.4.  Preparation of porous CPC using PU foams 
First a 1.0 M Na2HPO4 solution was made by mixing distilled water with Na2HPO4. Then a 
flowable slurry for CPC was obtained by mixing the liquid phase with the mixed powder in a 
ratio of 1.0g:2.6g. This slurry was then coated onto the PU foams of different pore sizes (1.6 mm 
and 1 mm) through the actions of slurry dipping, squeezing by hand, and blowing with air. The 
PU foams were washed with water and ethanol. The slurry-coated foams were then allowed to set 
(i.e., reaction (2) occurred in the presence of the liquid phase) and dry to get porous CPC. 
 
2.1.5.  Preparation of porous CPC using the combination of PU foams and H2O2 foaming 
As in the H2O2 foaming method for porous CPC, the mixed powder was made into a flowable 
slurry by mixing the powder with a liquid phase of 1.0 M Na2HPO4 and 20 vol% H2O2 in the 
volume ratio of 1:1. Then the washed PU foams were immersed into the slurry, followed by 
repeated immersion and gentle squeezing for a short time. Then the PU foams with the slurry as 
filler were placed in an oven kept at 80oC for 1 hour. During this time period, most of the 
excessive slurry could be driven out by the evolving O2 gas. The PU foams themselves could 
support the foaming process without being crumbled. While the foaming was nearly complete 
and while the foamed CPC samples were still damp, they were removed from the oven and 
exposed to air with a high humidity. After drying in the later stage, the unwanted CPC powder 
slump ‘vomited’ from a PU foam with the foamed CPC could be chipped away with a sharp knife 
blade, resulting in a porous CPC containing the PU foam and with the original shape of the PU 
foam. 
 
2.1.6.  Preparation of porous hydroxyapatite by sintering the porous CPC 
To remove the PU foams and to eliminate the residual TTCP particles in the set porous CPC, all 
the set porous CPC samples (regardless of the degree of the completion of the setting reaction) 
were fired in air in an electric furnace using a 4 stage schedule, which included (i) heating from 
40ºC to 600ºC using the heating rate of 1ºC/ min. to burn off the PU foams; (ii) raising the 
temperature from 600ºC to 1250ºC using a heating rate of 5ºC /min.; (iii) holding the temperature 
at 1250oC for 2 hours to sinter the CPC; (iv) finally cooling the temperature down to 40ºC at the 
cooling rate of 5ºC/ min.  
 
2.1.7.  Preparation of bioactive glass powder 
Sol-gel derived bioactive glass powder (amorphous) with an average particle size of 12 μm and 
of a composition of 58 mol% SiO2 – 38 mol% CaO – 4 mol% P2O5 was prepared through the 
hydrolysis and condensation of a mixed solution of tetraethoxysilane (TEOS; Si(OC2H5)4), 
triethylphosphate (TEP; OP(OC2H5)3) and calcium nitrate tetra-hydrate (Ca(NO3)2.4H2O), with an 
HCl solution (pH 4) as a catalyst. The formed sol was then sealed in a beaker and aged in an oven 
at 60ºC for 2 days. The formed gel was then dried in the oven at 60ºC for another 2 days. The 
dried gel after crushing was calcined at 650ºC for 1 hour, followed by planetary ball milling to 
obtain the bioactive glass powder. 
 
2.1.8.  Infiltration of the micropores in struts with PLGA and modification of the macropore 
surfaces with PLGA-bioactive glass coating  
Firstly, for the PLGA infiltration, every 4 g PLGA (75LA: 25GA) was dissolved in every 10 ml 
of dichloromethane (CH2Cl2) solvent by mixing for half a hour. Then the sintered porous 
hydroxyapatite samples were immersed into the PLGA solution. A short time of evacuation was 
required for complete infiltration. Then the excess of the PLGA solution was removed by 
centrifugation in a centrifuge (KUBOTA 5100) at 400rpm for 30 seconds. Then the samples were 
allowed to dry in a fume hood. 
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Secondly, for the modification with a bioactive composite coating, every 5g of the bioactive glass 
powder was mixed with every 25ml of dichloromethane (CH2Cl2) solvent using a mortar and a 
pestle to disperse the fine glass particles. Then, the bioactive glass slurry was diluted with 45ml 
more of dichloromethane. After that 10g of PLGA (75LA: 25GA) was added so that the PLGA 
was dissolved completely. Finally, the resulting flowable slurry was used to coat the porous 
hydroxyapatite that was already infiltrated with the PLGA phase through the actions of dipping, 
evacuation, and centrifugation.  
 
2.2. Sample characterization 
 
2.2.1.  Physical measurements 
The average particle size and the particle size distribution of the mixed powder (TTCP + DCPA) 
and the sol-gel bioactive glass powder were measured using a particle size analyzer (Shimadzu 
BI-XDC). The total porosity of each sintered porous HA sample was determined through the use 
of the following equations: bulk density (ρB) = weight of the sample/ volume of the sample; the 
theoretical density for HA (ρo) = 3.16g/cm2; relative density (R.D.) = (ρB  / ρo) x 100%; and 
finally total porosity = 100 % – R.D. The dimensions and the weight of each sample were 
measured and recorded through a Vernier caliper and an electronic balance, respectively. The 
microporosity i.e. the volume fraction of the micropores in the struts to the bulk volume of the 
struts was evaluated using an electronic densimeter (MD-200S) based on the Archimedes 
principle.  
 
2.2.2.  Structural analysis 
The pore sizes and shapes of the various porous hydroxyapatite ceramics were examined through 
digital images taken on a stereo-optical microscope (Leics MZ6) at different magnifications. X-
ray diffraction (XRD) was used to identify the phases present in the reaction products such as the 
TTCP powder, the set CPC, and the sintered CPC. The samples were ground into fine powders 
and each of the powders was mounted in a specimen holder for the diffractometer (6000 
Shimadzu). The Cu Kα1 ray (λ = 1.5406 Å) scan was conducted using 2θ angle from 20° to 45°. 
The scan rate and the step size were set at 2.0°/min and 0.02°, respectively. The topographical 
images of sample surfaces or fracture surfaces were examined under a JEOL 5310 scanning 
electron microscope (SEM). In addition, the elements present in the samples were analyzed using 
energy dispersive spectroscopy (EDX). 
 
2.2.3.  Property testing 
For the measurements of the compressive strengths of the various porous samples (i.e. 
macroporous hydroxyapatite ceramics without and with PLGA infiltration), rubber pads were 
placed on the top and the bottom surfaces of each sample. The rubber-padded sample was then 
placed in an Instron tester (model 5567) to conduct the compressive test. The use of rubber pads 
was to ensure a uniform distribution of the applied load onto the sample. A crosshead speed of 
0.5mm/min. was used for the compressive tests. The in vitro bioactivity was conducted using the 
simulated body fluid (SBF) solution prepared according to Kokubo et al. [18]. The PLGA 
infiltrated and the bioactive glass-PLGA coated porous hydroxyapatite samples were immersed 
separately in glass containers that contained the SBF, and placed in an oven set at the body 
temperature of 37ºC for a duration of 5-7 days. The SBF was changed with a fresh one every 2-3 
days. After the immersion testing, the samples were taken out, gently rinsed with distilled water 
and ethanol, dried in air, and finally coated with gold films for observation under the JEOL 5310 
SEM. 
 
3.  RESULTS AND DISCUSSION 
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3.1. Microstructural development 
 
In this study, the macroporous hydroxyapatite ceramics were made by three different methods, 
but all the methods were based on the preparation of a calcium phosphate cement, involving the 
mixed powder of tetracalcium phosphate (TTCP; Ca4(PO4)2O) and dicalcium phosphate 
anhydrous (DCPA; CaHPO4), and the setting reaction (hardening) of the mixed powder with the 
sodium phosphate (Na2HPO4) solution. One unusual step in the current study was the sintering of 
calcium phosphate cement set at the room temperature, resulting in pure hydroxyapatite phase, 
increased grain size and large open micropores. The transformation from the mixed powder to the 
final sintered microporous hydroxyapatite reflected the microstructural development of the 
microporous hydroxyapatite struts of the macroporous hydroxyapatite ceramics. 
 
When the mixed CPC (= TTCP + DCPA) powder (Fig. 1(a)) with particle size peaks at around 3 
μm and 20 μm in the particle size distribution curve was mixed with the sodium phosphate 
(Na2HPO4) solution, the setting reaction (2) took place. In other words, the setting reaction led to 
the formation of hydroxyapatite crystals, which were found to be in the shape of needles or 
whiskers (Fig. 1 (b)). It should be noted that although the sodium phosphate (Na2HPO4) solution 
was not reflected in the setting reaction equation, it was really important for the formation of the 
hydroxyapatite crystals. The setting reaction was believed to be due to the dissolution of the 
starting mixed powder in the aqueous solution and the precipitation of hydroxyapatite crystals 
from the saturated aqueous solution [19]. The hardening or the gain of mechanical integrity of the 
calcium phosphate cement was due to the formed hydroxyapatite needle-like crystals, which were 
held together through a mechanical interlocking mechanism.  
 
Nevertheless, under the current experimental conditions, a complete setting reaction could not be 
achieved, resulting in a detectable amount of residual TTCP phase, as shown in the middle 
pattern of Fig. 2. In order to obtain pure hydroxyapatite phase, one way was to sinter the product 
after the setting reaction at a high temperature of 1250 oC. At this high temperature, the TTCP 
phase could be depleted through a diffusion and reaction process, resulting in the pure HA phase, 
as shown in the top pattern of Fig. 2. It was noticed that although pure hydroxyapatite phase was 
formed, the resulting hydroxyapatite was not fully densified; both the as-sintered surfaces and the 
fracture surfaces showed the presence of micropores of pore sizes in a micron level (Fig. 3). The 
micropores were also interconnected and distributed among the networks of the hydroxyapatite 
grains (~ 4 μm). The microporosities in the struts were found to be 30-40 %, which were rather 
high. The reason why the densification was so poor was the large TTCP particles used and the 
poor particle packing before the setting reaction, as no pressure was applied to compact the paste 
of the mixed CPC powder and the aqueous Na2HPO4 solution. This situation was quite different 
from the conventional sintering of hydroxyapatite powder compacts formed by dry pressing, 
where a full density was usually possible at 1250 oC. 
 
3.2. Macroporous structures 
 
Three types of porous structures were obtained from this study, i.e., porous structures made using 
the PU foams as a pore former, using the H2O2 solution as a foaming agent, and using the 
combination of PU foams and the H2O2 foaming agent.  
 
Firstly, porous structures made using the H2O2 foaming agent were featured with interconnected 
pores, high porosities (total porosities = 58-72%), and typically inhomogeneous pore sizes (Fig. 
4). The macropore sizes were in a wide range of from 50 microns to 1500 microns. The porous 
parameters such as the porosity and the pore size of porous structures were affected by the 
concentration of the H2O2 solution, the ratio of the mixed CPC powder to the H2O2 solution, and 
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the sample size being molded. The H2O2 dissolved in the solution was able to decompose into 
H2O and O2 after being warmed up, forming bubbles in the wet paste of the mixed CPC powder. 
Generally speaking, a high H2O2 concentration means more vigorous decomposition and thus 
more bubbles. A low solid to liquid ratio also leads to more bubbles. And a small sample size 
tends to give small pores, which could be due to the easy formation of bubbles and the easy 
escape of the gases from the bubbles. In addition, the H2O2 solution was modified with Na2HPO4 
so that the final concentration of the Na2HPO4 solute was about 0.5M. It was believed that at this 
concentration, the setting reaction was slow enough so that the formed bubbles were able to 
expand or escape. Influenced by the above factors, the porous structures made by the foaming 
method were basically hard to control, which was a disadvantage. 
 
Secondly, as to the case of porous structures (Fig. 5 (a) – (b)) made using the PU foams, the 
porous parameters such as the macropore size and the total porosity were controlled by the pore 
size and the porosity of the PU foams, by the viscosity of the slurry of the CPC powder and the 
Na2HPO4 solution, and by the manipulation of the processes of impregnation of the slurry and 
squeezing out of the excess slurry. Repeated dipping in the slurry of the set CPC on the PU 
networks or of the sintered porous HA (without the PU networks) also affected the porous 
structures. Under the current experimental conditions, the obtained porosities were typically in 
the range of 68-74 % and the macropore sizes were in 600 – 750 microns. One significant aspect 
of the porous structures made from the PU foams was the large processing defects formed in the 
networks of struts (Fig. 5 (b)). These defects were formed due to the burning off of the PU 
networks which were wrapped by the ceramic particles after the dipping process. Repeated 
dipping into the slurry after sintering could repair the defects to some extent. However, the 
defects could not be completely removed due to the sintering shrinkage of the newly deposited 
ceramic particles in the original defects. A better way to remove the defects should be found. In 
the present study, the filling of the processing defects was done by the infiltration of a PLGA 
polymer. In our other work to be published elsewhere, the processing defects in the porous 
alumina ceramics made by the PU foam method could be eliminated by a low viscosity glass. 
 
Thirdly, the combined method involving the PU foams and the H2O2 foaming agent showed some 
unique features as compared to the PU foam method and the H2O2 foaming method. The resulting 
macropores were again highly interconnected, as can be seen from the optical and scanning 
electron micrographs (Fig. 6 (a)-(b)). In fact, the PU foams also increased the degree of the pore 
interconnection (or interconnectivity) as the networks of PU foams were well interconnected. The 
associated porosities (total porosities = 59-63%) were normally lower than those of the porous 
structures made by the PU foam method alone. On the other hand, the porosities of the porous 
structures made from the combined method were slightly higher than those of the porous 
structures made from the H2O2 foaming method. As to the resulting macropore sizes, they were 
much smaller than those made from the PU foam method. The macropore sizes were also better 
controlled for the combined method as compared to the H2O2 foaming method. In the H2O2 
foaming method, the bubbles due to the involving gasses could grow to large sizes, resulting from 
the coalescence of the smaller bubbles and due to the build-up of the gas pressure. However, in 
the combined method, the growth of the bubbles seemed to be restricted by the networks of the 
PU foams. Thus the homogeneity of the pore sizes from the combined method inherited the 
uniformity of the PU foams used.  
 
Padilla et al. [20] prepared hydroxyapatite ceramics with micropores by a gelcasting method. The 
micropores (pore size about 1 μm) resulted from the incomplete sintering of the ceramic particle 
compacts due to the removal of the various organic additives used for the gel casting. In order to 
improve the pore interconnectivity, the pore size, and the porosity, PU foams were used for the 
impregnation of the slurry as used for the gel casting, resulting in additional large pores of the 
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pore size in the range of 30.8-58.6 μm. Such porous structures are suitable for drug delivery but 
may not be so suitable for bone tissue ingrowth due to the small macropore sizes. On the other 
hand, Ramay et al. [21] prepared macroporous hydroxyapatite scaffolds by a combination of the 
gel-casting method and the polymer foam method. In their study, an HA slurry containing several 
organic additives for the in situ polymerization was used to infiltrate the PU foams, followed by 
removing the unwanted slurry, and aging for the in situ polymerization. The macropore size and 
the thickness of the struts were controlled by the concentration of the HA powder in the slurry; a 
high concentration resulted in small macropores and thick struts. This led to a strong green 
porous structure but the process involved too many organic additives for the control of the in situ 
polymerization. In contrast to both Padilla et al.’s work and Ramay et al.’s study, the current 
study was able to prepare a novel structure of the porous hydroxyapatite by dipping and coating 
of the PU foams into the slurry of the mixed powder (TTCP and DCPA) and the NaHPO4-H2O2 
solution, followed by foaming, setting reaction, and sintering.  
 
3.3. Infiltration with a interpenetrating PLGA phase 
 
In the current study, the novel porous hydroxyapatite ceramics were subjected to further 
modification. Unlike the widely reported studies of porous PLGA-ceramic composites, where the 
ceramic phases were randomly distributed among the polymer matrices, the current introduction 
of PLGA into the porous hydroxyapatite ceramics was to produce PLGA-hydroxyapatite 
interpenetrated composites for the struts. This was possible due to the presence of the open 
macropores among the porous structures and the open micropores in the struts of the porous 
structures. Thus, the PLGA dissolved in the solvent could flow into the open micropores. As 
shown in Fig. 7, the originally open micropores in the struts were filled with the PLGA phase. 
For the porous structures derived from the methods involving the PU foams, large defects due to 
the burning off of the PU networks were also infiltrated with the PLGA phase, as the large 
defects were exposed due to the open micropores in the struts or due to the incomplete coverage 
of the PU networks by the ceramic particles. Fig. 8 clearly shows the presence of the PLGA filler 
in the triangular pocket of a strut of a porous structure from the PU foam method. The infiltration 
and coating with the PLGA phase resulted in the reduction or elimination of the microporosity or 
other defects in the struts without significantly affecting the desirable macroporous structures. 
 
3.4. Modification with a PLGA-bioactive glass coating 
 
Too thick a PLGA coating on the internal macropore walls was not desirable for the bioactivity 
although it was all right for the mechanical integrity of the resulting composite scaffolds. To 
provide the PLGA coating with a property of bioactivity, 30 vol% bioactive glass particles (~ 12 
μm) were incorporated into the PLGA matrix, resulting in a PLGA composite coating with 
randomly distributed bioactive glass particles, as can be seen from Fig. 9. After immersing the 
PLGA-bioactive glass composite coating in the simulated body fluid for only 5 days, apatite was 
formed on the coating surface. Specifically, although some inlands of bare PLGA coating was 
still visible, the majority of the PLGA coating surface was covered by a discontinuous layer of 
microspheres of loosely packed needle-like crystals, as shown in Fig. 10 (a). Some areas showed 
a dense and continuous layer of the microspheres, as shown in Fig. 10 (b). The large area of the 
dense layer was convenient for EDX analysis, which gave the spectrum shown in Fig. 10 (c), 
indicating the formation of apatite. While clusters of bioactive glass particles with a typically 
angular shape were still visible on the coating surface, large microspheres (~ 4 μm) with pores 
were formed among the bioactive glass clusters, as shown in Fig. 10 (d). Under a higher 
magnification, e.g., 10,000x, the microspheres were found to consist of needle-like crystals and 
nanosized pores. Thus, the excellent bioactivity of the composite coating due to the addition of 
the bioactive glass was well demonstrated. 
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Our observation on the morphology of the PLGA matrix also indicated no degradation of the 
PLGA after only 5 days of immersion. Thus, the effect of the PLGA degradation on the apatite 
formation could be ruled out in this case and the interaction between the composite coating and 
the SBF was more related to the exposed bioactive glass particles. The larger and denser apatite 
microspheres formed near the bioactive glass particles could be related to the abundant 
availability of the Ca2+ and PO43- sources leaching out of the bioactive glass; whereas the smaller 
and looser apatite microspheres on the PLGA matrix could be due to the limited mass 
transportation (diffusion) of the ions. However, in both cases, we believe that the formation of the 
apatite follows a process of glass dissolution (ion leaching) and nucleation and growth (i.e. 
precipitation) of the apatite on the surface. The newly formed apatite layer or coating could also 
possibly slow down the degradation of the PLGA matrix. By stirring the SBF during the 
immersion test or by better distributing the sol-gel bioactive glass particles, one could get better 
homogeneity of the apatite layer.  
 
3.5. Effect of interpenetrating PLGA phase on the compressive strength 
 
In the present study, compressive testing was conducted on the porous hydroxyapatite structures 
made by the three different methods. Under the current conditions, it was well established that the 
porous structures (without PLGA coating/ impregnation) produced from the PU foams had the 
lowest compressive strengths (0.3-0.8 MPa) and the combined method resulted in highest 
compressive strengths (1.5-1.8 MPa), with the porous structures from the foaming method being 
in the middle (0.3-1.0 MPa). The different compressive strengths of the current three types of 
porous structures could be more related to their individual network (or strut) structures including 
micropores, other defects, and geometric shapes.  
 
The effect of infiltration/ coating with PLGA on the compressive strength of the porous structures 
made by the PU foam method was studied. It was found that PLGA infiltration and coating was 
able to improve the compressive strengths of the porous structures by about two times. Most 
importantly, the PLGA coated porous hydroxyapatite ceramics showed a good resistance to 
mechanical damage. In other words, the uncoated porous structures from the PU foam method 
was so weak and brittle that they could be broken easily during a handling process of removing 
samples from one place to another. However, after the PLGA impregnation and coating, the 
porous structures were quite durable; in fact dropping the coated samples on the ground would 
not damage the samples and the coated samples could be reshaped by cutting with a diamond 
grit-impregnated blade.  
 
The effect of the infiltration/ coating with PLGA on the mechanical behavior of the porous 
hydroxyapatite structures made by the combined method was also examined. Unlike the pure 
porous hydroxyapatite structures made by the PU foam method, the porous structures made from 
the combined method had already respectable mechanical integrity as they could be trimmed or 
machined by grinding and cutting even before the PLGA coating and impregnation. This was a 
very significant advantage of the porous structures made from the combined method. The coating 
and impregnation of PLGA could significantly improve the mechanical strength and toughness, 
resulting in a high compressive strength of 5.8 MPa as compared to 1.5 MPa of the PLGA-free 
porous sample. The high compressive strengths of the PLGA impregnated and coated porous 
hydroxyapatite samples were comparable to those of the cancellous bone (Table 1). The 
mechanical behavior of the porous structures with PLGA infiltration and coating also suggested 





This study has led to the following conclusions: 
 
1. Macroporous HA ceramics were produced by first using the PU foam method, then the H2O2 
foaming method and finally the combination of the two to make porous set CPCs at room 
temperature, followed by final firing at 1250oC to achieve pure HA phase.  
2. The macroporous pure hydroxyapatite structures derived from the combined method had the 
highest compressive strengths (1.5-1.8 MPa) among the three methods and could be machined 
into shapes, due to their smallest pore sizes (200-600 μm) and the high homogeneity of the 
porous structures. 
3. Interconnected micropores were present in the struts of the macroporous hydroxyapatite 
scaffolds due to the large TTCP particles used and the loose particle packing during the 
molding stage. The micropores could be infiltrated with the PLGA phase. For those porous 
hydroxyapatite scaffolds made from the combined method, infiltration of PLGA into the 
micropores as well as the PU foam-related defects significantly enhanced the compressive 
strengths from 1.5-1.8 MPa to 4.0-5.8 MPa. 
4. These HA-based porous composites were further modified with a bioactive glass-PLGA 
coating on the internal surfaces of the macropores for the purpose of imparting bioactivity to 
the systems, which was effective judging by the formation of a dense and continuous surface 
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Fig. 1.  SEM micrographs showing the starting mixed (TTCP + DCPA) powder (a) and the 
whisker-like hydroxyapatite crystals of the set CPC (b). 
 
Fig. 2.  XRD patterns showing different phases present in the mixed powder (bottom), the set 
CPC (middle), and the sintered CPC (top). 
 
Fig. 3.  SEM micrographs showing the porous structure of the struts of the porous hydroxyapatite 
(i.e. sintered CPC): (a) a fracture surface; (b) an as-sintered pore wall surface of a macropore. 
 
Fig. 4.  Porous hydroxyapatite prepared by the H2O2 foaming method: (a) a stereozoom optical 
micrograph; (b) an SEM micrograph. 
 
Fig. 5.  Porous hydroxyapatite prepared by the PU foam method: (a) a stereozoom optical 
micrograph; (b) an SEM micrograph. 
 
Fig. 6.  Porous hydroxyapatite prepared by the combined method: (a) a stereozoom optical 
micrograph; (b) an SEM micrograph. 
 
Fig. 7.  SEM micrograph showing the PLGA phase (dark) filling the open micropores in a strut of 
the hydroxyapatite (bright) network. 
 
Fig. 8.  SEM micrograph showing the PLGA phase filling the large defect in the strut and the 
PLGA coating on the macropore walls of a porous hydroxyapatite prepared by the PU method. 
 
Fig. 9  SEM micrograph showing the bioactive glass particles (white) dispersed among the PLGA 
matrix (dark) of the composite coating on a macropore wall surface. 
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Fig. 10. Formation of apatite on the PLGA-bioactive glass composite coating immersed in the 
simulated body fluid for 5 days: (a) an SEM micrograph showing the apatite spheres (small) 
formed on the PLGA matrix; (b) an SEM micrograph showing a dense and continuous layer; (c) 
confirmation of the apatite by EDX; (d) an SEM micrograph showing the apatite spheres (large) 
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Fig. 2.  XRD patterns showing different phases present in the mixed powder (bottom), the set 
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Fig. 3.  SEM micrographs showing the porous structure of the struts of the porous hydroxyapatite 

















Fig. 4.  Porous hydroxyapatite prepared by the H2O2 foaming method: (a) a stereozoom optical 
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Fig. 5.  Porous hydroxyapatite prepared by the PU foam method: (a) a stereozoom optical 
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Fig. 6.  Porous hydroxyapatite prepared by the combined method: (a) a stereozoom optical 
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Fig. 7.  SEM micrograph showing the PLGA phase (dark) filling the open micropores in a strut of 





Fig. 8.  SEM micrograph showing the PLGA phase filling the large defect in the strut and the 
PLGA coating on the macropore walls of a porous hydroxyapatite prepared by the PU method. 
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Fig. 9  SEM micrograph showing the bioactive glass particles (white) dispersed among the PLGA 
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Fig. 10. Formation of apatite on the PLGA-bioactive glass composite coating immersed in the 
simulated body fluid for 5 days: (a) an SEM micrograph showing the apatite spheres (small) 
formed on the PLGA matrix; (b) an SEM micrograph showing a dense and continuous layer; (c) 
confirmation of the apatite by EDX; (d) an SEM micrograph showing the apatite spheres (large) 
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Table 1  Dependence of  the porous structure and the compressive strength on the sample 
preparation method. 
 
                                       Characteristics Samples from different methods 
Pore size (μm) Porosity (%) Compressive 
strength (MPa) 
PU foam method + sintering 600-750 68-74 0.3-0.8 
H2O2 foaming method + 
sintering 
50-1500 58-72 0.3-1.0 
Combined method + sintering 200-600 59-63 1.5-1.8 
Combined method + sintering + 
PLGA coating  
200-600     __ 4.0-5.8 
Biological cancellous bone 1-5000 30-90 2-12 
 
 
 
